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Abstract  18 
 19 
Carbonates of western Newfoundland span the Cambro-Ordovician interval and 20 
preserve a record of slope-basinal deposition in the Cow Head Group near Cow Head. 21 
This unit consists of conglomerates and ribbon and laminated limestone interbedded with 22 
shale that is well exposed in sea cliffs at Cow Head Peninsula. These conglomerates, 23 
although prevalent throughout the section, vary in thickness and abundance 24 
stratigraphically and record both local disruption and large-scale episodic sedimentation 25 
events. Microfacies drilled for carbon isotope (δ13Ccarb) analysis of conglomerates reveal 26 
isotopic heterogeneity within individual samples, in some cases more than 1‰. While 27 
this might be an expected outcome of drilling multiple areas of a heterogeneous 28 
conglomerate hand sample, permil-level variability was observed both between 29 
individual clasts in a sample, between different parts of the same matrix, and between a 30 
clast and its surrounding matrix. No associated variation in δ18Ocarb or trace element 31 
distributions exists to suggest that this δ13Ccarb variability is the result of later-stage 32 
meteoric diagenesis. The δ13Ccarb variability suggests multiple sources of dissolved 33 
inorganic carbon (DIC) associated with carbonate precipitation for phases within these 34 
individual samples. These data indicate that processes such as local organic matter 35 
remineralization and early authigenic carbonate precipitation during lithification at the 36 
sediment-water interface (SWI) are either contributing to or controlling δ13Ccarb values in 37 
Cambrian carbonates, perhaps more so than at other intervals in Earth history.   38 
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 41 
1. Introduction 42 
 43 
Carbon isotope values have long been used to reconstruct paleoenvironmental 44 
conditions ranging from organic carbon burial (e.g., Arthur et al., 1988; Sackett, 1991; 45 
Hayes et al., 1999) to partial pressure of CO2 (Popp et al., 1989; Freeman and Hayes, 46 
1992) to, more recently, an approximation of the sink of carbonate carbon precipitated on 47 
the seafloor through remineralization processes (Schrag et al., 2013). Despite the wide 48 
use of carbon isotopes as proxies for ancient environments and their utility in providing 49 
chemostratigraphic linkages between ancient strata (e.g., Knoll et al., 1986; Hayes et al., 50 
1999), substantial debate still surrounds the meaning of these values and the timing of 51 
their origins (e.g., Grotzinger et al., 2011). A δ13C signal in the marine dissolved 52 
inorganic carbon (DIC) reservoir is often interpreted as reflecting the balance between the 53 
flux and isotopic composition of the major sources to and from the ocean (Kump & 54 
Arthur, 1999), but ascertaining the timing of the incorporation of δ13C signals in 55 
carbonate sediments and sedimentary rocks – and the local processes that may affect their 56 
composition (e.g., Oehlert and Swart, 2014) – is critical before any paleoenvironmental 57 
interpretation can be made. 58 
In western Newfoundland, carbonate and siliciclastic strata straddle the 59 
Cambrian and Ordovician periods (e.g., Chow and James, 1987; Cowan and James, 1993) 60 
and record the biotic and environmental change that preceded and spanned the largest 61 
biotic diversification in the history of life, the Ordovician radiation (e.g., Droser and 62 
Finnegan, 2003). Previous work has shown δ13Ccarb oscillations through middle and later 63 
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Cambrian shallow-water sections of Newfoundland, including a large (~4‰) positive 64 
excursion known as the SPICE event (Steptoean positive isotopic excursion; Saltzman et 65 
al., 2000; Saltzman et al., 2004; Hurtgen et al., 2009). However, little isotope data exist 66 
on deep-water sections, like the Cow Head Group exposed near Cow Head, 67 
Newfoundland (Fig. 1). The composition of the Cow Head – turbidites and fine-grained 68 
carbonates – suggests background sedimentation punctuated by local reworking and 69 
episodic mass flow from shallower environments. Some large-scale debris flows 70 
delivered both unconsolidated carbonates and variably lithified clasts to the deeper waters. 71 
Thus, the resulting deep-water strata contain carbonate sourced both locally and from 72 
shallower locations, recording a complex diagenetic history during lithification (Suchecki 73 
and Hubert, 1984; Coniglio and James, 1990). Carbon isotope analysis of clasts and fine-74 
grained matrix of the Cow Head Group can reveal the origins of these carbonate 75 
components, as well as the timing of lithification and other early diagenetic processes. 76 
Here, we aim to understand the processes that impart the carbon isotope signals on Cow 77 
Head carbonate strata and to evaluate the potential for (variably transported) deep-water 78 
strata to record global marine δ13Ccarb signals. In addition, δ13Ccarb variability between 79 
these carbonate phases can shed light on the contribution of authigenic carbonate 80 
precipitation to the enhanced apparent lateral and stratigraphic variability in δ13Ccarb 81 
signals at this time. 82 
 83 
2. Geological setting  84 
2.1. Overview 85 
 5 
The Cambro-Ordovician Cow Head Group at the Cow Head Peninsula (Fig. 1) is 86 
comprised of the Shallow Bay Formation, which includes the Downes Point Member, the 87 
Tuckers Cover Member, the Stearing Island Member, and the Factory Cove Member (e.g., 88 
James and Stevens, 1986; Zhang and Barnes, 2004). Estimates suggest that the unit 89 
represents approximately 70 million years of deposition in a deep-water slope setting 90 
(James and Stevens, 1986). It is more than 350-m-thick at the Cow Head Peninsula and 91 
consists of carbonate-rich conglomerate, shale and limestone that span the Middle 92 
Cambrian through the Middle Ordovician (e.g., James and Stevens, 1986; Zhang and 93 
Barnes, 2004, Azmy et al., 2014; Tripathy et al., 2014). Shale and limestone are 94 
interbedded, and conglomerate beds range from massive (clasts greater than 5 meters in 95 
diameter) to smaller lenticular units consisting of cm- to dm-sized intraclasts. James and 96 
Stevens (1986) divide the Cow Head Peninsula into a system of 15 beds based on 97 
lithofacies, but only Beds 5 through 13 were investigated in this study. 98 
 99 
2.2. Biostratigraphic constraints on the Cow Head Group 100 
 101 
The Cow Head Group has been widely studied with regard to its 102 
biostratigraphically useful fossils, in part because it correlates to strata that preserve the 103 
GSSP for the Cambro-Ordovician boundary at nearby Green Head. In particular, 104 
conodonts, graptolites and trilobites have been examined in some detail in previous work 105 
on this section (Fig. 2; Zhang and Barnes, 2004; Tarim, 2008; Westrop and Eoff, 2012). 106 
Because much of the Cow Head Group consists of allochthonous carbonate deposits, 107 
biostratigraphically useful fossils have been extracted both from clasts of conglomerate 108 
that were likely transported and interbedded shales that record deep water deposition. 109 
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Bed 5 has few diagnostic fossils, but it does preserve an important trilobite assemblage 110 
(Westropp and Eoff, 2012). Here, from boulders preserved in Bed 5, the I. inexpectans 111 
Fauna of Newfoundland is thought to record an early occurrence of Dunderbergia in the 112 
Aphelaspis Zone. This trilobite zone occurs at the time of the SPICE event in 113 
Newfoundland shelfal equivalent sections (Saltzman et al., 2004; Hurtgen et al., 2009), 114 
suggesting that the strata of Bed 5 should preserve the SPICE event or were deposited 115 
just after, perhaps during reworking of shelfal clasts into deeper-water sections. 116 
The rest of the Cow Head Group at Cow Head is fairly well constrained from 117 
conodont and graptolite biostratigraphy. Conodont zones of Bed 6 and Bed 7 suggest an 118 
Furongian (upper Cambrian) age (e.g., Eoconodontus notchpeakensis; Zhang and Barnes, 119 
2004), although the boundary between the Cambrian and Ordovician remains problematic 120 
at this site (e.g., Karim, 2008). A trilobite fauna recovered from Bed 8 in concert with 121 
diagnostic conodonts suggest an Early Ordovician age for this part of the section (Karim, 122 
2008; Zhang and Barnes, 2004). Beds 9 through 13 also record deposition during the 123 
Early Ordovician, though the boundary between the Tremadocian and Floian (Arenigian) 124 
is not well constrained (e.g., Zhang and Barnes, 2004). 125 
 126 
2.3. Field observations 127 
 128 
At the base of our measured section, upper Bed 5 is part of the Downes Point 129 
Member and constrained biostratigraphically to Furongian Cambrian (Steptoean) strata 130 
(Zhang and Barnes, 2004; James and Stevens, 1986; Fig. 2). A seventeen-meter-thick 131 
portion of upper Bed 5 was measured and sampled at Cow Head. Facies consist 132 
predominantly of conglomerate with micrite-rich matrix (Fig. 3A). The contact between 133 
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Bed 5 and Bed 6 is marked by the appearance of quartz-rich sand matrix (James and 134 
Stevens, 1986), but we observed a gradual transition from micrite-rich to quartz-135 
dominated with minor micrite matrices in samples ~10 meters below the contact between 136 
Bed 5 and Bed 6. Bed 6 is part of the Tuckers Cover Member and is constrained 137 
biostratigraphically to Furongian Cambrian (Sunwaptan) strata. We measured 138 
approximately 55 meters of Bed 6 at Cow Head; facies were predominantly thinly bedded 139 
limestone and conglomerates with micritic and quartz-rich matrices (Fig. 3B). Zhang and 140 
Barnes (2004) place the Cambro-Ordovician boundary at the contact between Beds 6 and 141 
7 in correlative, continuous sections at Green Point (Green Point Global Boundary 142 
Stratotype Section and Point; Barnes, 1988; Johnston and Barnes, 1999; Cooper et al., 143 
2001), although a major erosive surface exists at the base of Bed 7 at Cow Head (Fig. 3B; 144 
James and Stevens, 1986).  145 
Beds 7 and 8 are both part of the Stearing Island Member. Bed 7 overlies Bed 6 146 
and is constrained biostratigraphically to the Tremadocian (Lowermost Ordovician)  147 
(Zhang and Barnes, 2004). We measured approximately 20 meters of Bed 7 at Cow Head, 148 
and facies consisted of large, distinct conglomeratic beds with massive boulder-sized 149 
clasts (Fig. 3B). Bed 8 is Lower Ordovician Tremadocian to Floian (Arenigian) in age 150 
(Zhang and Barnes, 2004), and approximately 40 meters of Bed 8 is exposed at Cow 151 
Head. It is heavily faulted and consists of three major facies packages: a lower unit of 152 
thinly bedded limestone and conglomerate, a middle unit of massive conglomerate with 153 
boulder-sized clasts, and an upper unit of thinly bedded limestone and conglomerate. 154 
Beds 9 through 13 are part of the Factory Cove Member. About 52 m of Bed 9 is 155 
exposed at Cow Head, and it is Floian (Arenigian) in age (Zhang and Barnes, 2004). Bed 156 
9 consists of thinly bedded limestone and rare conglomerate with a shale-rich base (Fig. 157 
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3C and D). About 20 m from the base of Bed 9, ~10 meters of this unit is covered by 158 
beach and was not sampled. Bed 10 is approximately 1.7 meters and consists of a single, 159 
massive conglomerate (Fig. 3D). Bed 11 consists of alternating beds of silicified and 160 
fissile shale, with dolomitic beds increasing in the upper half of the unit. We measured 161 
approximately 18 meters of Bed 11. Bed 12 consists of a massive conglomerate 162 
approximately 10 meters in thickness. Bed 13 (Early Ordovician; Zhang and Barnes, 163 
2004) is heavily faulted and consists of approximately 20 meters of thinly bedded 164 
limestone. Conglomerates were sampled from all beds except Bed 11. 165 
 166 
3. Methods 167 
 168 
Two hundred and sixty-seven carbonate samples were collected and drilled from 169 
Bed 5 through Bed 13 at meter-scale. Carbonate lithologies included fine-grained 170 
carbonate facies, grainstone, dolostone, and conglomerate. When constructing the 171 
isotopic profile for the Cow Head, conglomerates were generally avoided except in the 172 
cases of Beds 5,7 and 8 where the entire bed was composed of conglomerate. In those 173 
cases, matrix was typically drilled from conglomerate samples. However, in a few areas 174 
only clasts could be sampled and drilled (34 samples of clast out of 267 drilled; Fig. 4).  175 
In addition to the bulk carbon measured for the isotopic profile, a subset of 51 176 
conglomerates that span the Cow Head Group from Beds 5 to 13 were cut and drilled in 177 
multiple places to ascertain isotopic heterogeneity of individual microfacies. Note that 178 
since conglomerate samples were generally avoided in the construction of the isotopic 179 
profile for the entire section, in only a few of these was the matrix drilled for the isotopic 180 
profile. In the conglomerate samples, at least 2 clasts were drilled, as was the matrix, in at 181 
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least two places for each sample. Several thin sections were made of conglomerates to 182 
complement the hand samples and to help us examine microfacies. Powder was collected 183 
and analyzed for δ13Ccarb and δ18Ocarb values using a Finnigan Delta XL+ isotope ratio 184 
mass spectrometer with an automated carbonate prep system (Kiel III) at Stephen Burns’ 185 
stable isotope laboratory at the University of Massachusetts, Amherst. Results are 186 
reported as the per mil difference between sample and the VPDB standard in delta 187 
notation where δ 18O or δ 13C = (Rsample/Rstandard -1)*1000, and R is the ratio of the minor 188 
to the major isotope. Reproducibility of standard materials is 0.1‰ for δ 18O and 0.05 ‰ 189 
for δ 13C. 190 
Finally, to investigate the role of diagenetic alteration in these samples, a subset 191 
of 236 samples were analyzed for trace element concentrations. A few samples were 192 
excluded from this analysis either because too little material was available from them or 193 
they were deemed inappropriate. Samples were prepared for inductively coupled plasma 194 
optical emission spectrometry (ICP-OES) on an Optima 7300DV ICP-OES (PerkinElmer 195 
Inc., Waltham, Massachusetts, USA) at Washington University. Approximately 1.0 mg of 196 
carbonate powder was dissolved in 10% (Optima grade) acetic acid in 15 mL Falcon 197 
centrifuge tubes. Samples were placed on a shaker table and left to dissolve overnight 198 
(~12 hours). Samples were filtered through a 0.2 mm nylon filter prior to analysis. 199 
 200 
4. Results 201 
4.1. Field and sample analysis 202 
 203 
 Facies, particularly the conglomerates, differ between these beds and suggest both 204 
large-scale and small-scale (local) processes sourced material for conglomerates and that 205 
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the relative contribution of these processes varied across stratigraphy. Bed 5 is a large 206 
conglomerate-dominated bed (Fig. 4) that is exposed in a series of fault blocks along the 207 
Cow Head Peninsula. At least some of the clasts appear to be derived from in situ 208 
disrupted thin beds (Fig. 3A), which can sometimes be traced laterally over small 209 
distances (<1 meter). This suggests smaller-scale, localized disturbance in this 210 
environment and that at least some of these clasts are locally derived. In overlying Bed 6, 211 
facies were predominantly thinly-bedded ribbon limestone and calcarenite interspersed 212 
with shale. Conglomerates of this unit often contain rounded coarse quartz sand grains 213 
with micrite in the matrices visible in hand sample and thin section (Fig. 5). 214 
Conglomerates in this unit are lenticular and also appear to contain clasts derived from 215 
nearby thin-bedded limestone facies. Bed 7 is composed of four separate welded 216 
conglomerate beds. Conglomerates contain massive, white, boulder-sized clasts. The 217 
matrix of these conglomerates is not quartz-rich but rather dominated by small micritic 218 
clasts and fossil debris visible in thin section (Fig. 5). Bed 8 consists of dolostone, thinly 219 
bedded limestone, and massive chert-rich conglomerates. Thinly bedded limestone with 220 
guttercasts and wavy bedding is predominant near the base of the section and interspersed 221 
with conglomerate lenses. Much of the unit consists of massive conglomerates that vary 222 
in thickness laterally. The uppermost conglomerate contains phosphatic pebbles and the 223 
upper 10 meters is marked by a return to thinly bedded limestone interspersed with shale. 224 
Conglomerates of Bed 8 are often recrystallized but, when well preserved, contain 225 
micritic matrices and rounded intraclasts in thin section (Fig. 5). Bed 9 is composed 226 
primarily of alternating beds of limestone and shale with occasional 1 to 5-meter-thick 227 
conglomerates. These conglomerates also contain a micritic or sparry cement-rich matrix. 228 
Bed 10 consists of a massive conglomerate that is approximately 1.7-meters-thick, 229 
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though thickness varies along strike. Clasts can be as large as boulder-sized. Matrix is 230 
largely recrystallized or micritic. Bed 12 is a 10-m-thick conglomerate bed that overlies 231 
the thin dolomitized beds of Bed 11. The conglomerate’s matrix is composed primarily of 232 
calcareous shale and small limestone clasts, and more than two-thirds of the bed contains 233 
clasts on the scale of 0.5 meters or larger (e.g., James and Steven, 1986). The nature of 234 
conglomerates, including their clast size and matrix composition, varies significantly 235 
between and even within beds. 236 
 237 
4.2. Carbon and oxygen isotope profile, Bed 5 through Bed 13, Cow Head Group 238 
Carbon isotope data reveal stratigraphic trends, superimposed upon which there is 239 
bed-specific variability associated with the different facies and depositional environments 240 
of the Cow Head strata (Figs. 4 and 6).  It is also important to note that some data points 241 
in the isotopic profile came from clasts of large conglomerate beds because the matrix 242 
could not be sampled in these areas (Fig. 4). Carbon isotope values are relatively heavy 243 
(0 to 1‰) in Bed 5 and the lower half of Bed 6. Values decrease in upper Bed 6 and 244 
lower Bed 7 (reaching -2‰). Bed 8 values hover around 0‰ and become gradually more 245 
13C-depleted into lower Bed 9 (with a nadir of ~ -2.5‰). δ13Ccarb variability increases 246 
above the covered portion of Bed 9, scatter increases in the values, with carbon isotope 247 
values oscillating between 0 and -4‰ for the remainder of the section (upper Bed 9 248 
through Bed 13, Fig. 4). While the scatter observed in data throughout the profile likely 249 
represents local processes that match the variability seen in individual conglomerate 250 
samples, the overall profile reflects a general trend from ~+1‰ at the base of the section 251 
to -2‰ at the top (Fig. 4).  252 
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Parallel δ13Ocarb measurements provide context for understanding processes 253 
during lithification and diagenesis. Oxygen isotopes show less scatter near the base of the 254 
column than near the top (Fig. 4). Values hover between -7‰ and -5‰ through Bed 7 255 
and then show a positive excursion to heavier values (from -7‰ to -4‰) at the base of 256 
Bed 8, associated with a series of distinct dolomitized marker beds. Above this, values 257 
return to -7‰ but variability increases in upper Bed 8 and through Bed 13 (Fig. 4).  258 
 259 
4.3. Carbon isotope analysis of conglomerates 260 
 261 
 The δ13Ccarb values of individual microfacies within conglomerate samples that 262 
span Bed 5 through Bed 13 reveal important differences between clast and matrix values 263 
(Fig. 6). (All standard deviations reported here for means are 1-sigma values.) In Bed 5, 264 
matrix values tend to cluster together and show no more than a 0.5‰ difference between 265 
values within a single sample (mean for all samples is 0.40 +/- 0.59‰, Fig. 6). In contrast, 266 
clasts exhibit as much as a 1‰ spread in their values within a single sample (Fig. 6A). In 267 
contrast, Bed 6 shows a tight clustering of values (Fig. 6A, B). Although individual 268 
samples show a range of isotopic values, this range is typically less than 1‰ (mean for 269 
matrix is 0.07‰ and 0.04‰ for clasts; +/- 0.34‰ and 0.36‰, respectively), and clast and 270 
matrix ranges overlap each other. In Bed 6, all values fall between -0.65‰ and 0.77‰, 271 
which is the smallest range of all beds examined (Fig. 6B). In Bed 7, the overall range of 272 
values is similar to Bed 6 with one outlier, but individual samples show greater scatter in 273 
both matrix and clast values (mean 0.13‰ for matrix +/- 0.45‰), 0.02‰ for clast +/- 274 
0.41‰; Fig. 6A, B). Overlying Bed 8 samples show the largest within-bed range of 275 
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values, from -1.76‰ to 1.5‰ (Fig. 6B). Individual samples can show as much as a 2.‰ 276 
range (Fig. 6A); matrix values show as much as 1.5‰ variation (mean is -0.05 +/- 277 
0.67‰) whereas clast values exhibit less than 1‰ variation in a single sample (mean is -278 
0.35 +/- 0.50‰) (Fig. 6A). Bed 9 also exhibits large variability in clast and matrix values, 279 
with a total range of -2.7‰ to 0.6‰. Here, in general, clast values (mean is -1.17 +/- 280 
0.61‰) and matrix values (mean is -0.96 +/- 0.93‰) show a large range (Fig. 6B). Beds 281 
10 and 12 show a narrower range of values in all samples than Beds 8 and 9, and the 282 
values of individual samples have a range of about 1‰. The mean for Bed 10 matrix and 283 
clast samples respectively is -1.98 +/- 0.44‰ and -1.85 +/- 0.72‰). Bed 12 shows a 284 
return to more positive values, with a matrix mean of 0.09 +/- 0.66‰ and a clast mean of 285 
-0.12 +/- 0.39‰). Even so, matrix and clast values often do not overlap in individual 286 
samples from Beds 10 and 12 (Fig. 6).   287 
 288 
4.4. Carbon and oxygen isotope crossplots and trace element analyses 289 
 290 
 Carbon and oxygen isotope crossplots are constructed to assess the role of late-291 
stage meteoric diagenesis in the measured values of ancient limestone. A potential feature 292 
of values altered as a result of this kind of diagenesis is a narrow range of oxygen isotope 293 
values coupled with a wide range of carbon isotope values (e.g., Allan and Matthews, 294 
1977). A fingerprint of mixing zone alteration is a linear relationship between carbon and 295 
oxygen isotope values (Allan and Matthews, 1982). Carbon and oxygen crossplots for the 296 
profile of the Cow Head Group (R2 = 0.09) and for the conglomerate samples analyzed in 297 
this study (R2 value for clasts = 0.10; R2 = 0.00 value for matrix) are shown in Figure 7A 298 
and B. In general, no linear relationship is revealed between carbon and oxygen isotope 299 
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values in either subset, although a narrow range of oxygen isotope values does exist for 300 
these samples (e.g., Algeo et al., 1992), suggesting some burial diagenesis. 301 
 An analysis of carbon isotopes and trace element concentrations such as 302 
manganese (Mn), strontium (Sr) and iron (Fe) were also provided to examine the 303 
importance of late-stage diagenesis in these samples (Fig. 7C-E) (e.g., Pingitore, 1978; 304 
Banner and Hanson, 1990; Banner, 1995). No strong correlation exists for any trace 305 
element concentrations and carbon isotope values reported here (Fig. 7). Of note is that Sr 306 
concentrations are low for most samples, with only a few showing concentrations nearing 307 
1000 ppm, but these samples do not co-vary with carbon isotope values. 308 
 309 
5. Discussion 310 
5.1. Diagenesis and Cow Head samples 311 
 312 
 The Cow Head Group of western Newfoundland is a deep-water section that 313 
preserves episodic deposition of transported shallow water material to the deep ocean 314 
(Coniglio and James, 1990) punctuated by background sedimentation in a deep-water 315 
environment. In addition to its complex depositional history, the unit has clearly 316 
experienced a combination of early and later stage diagenesis (e.g., Coniglio and James, 317 
1988), all of which can affect the reliability of interpreting carbon isotope values as 318 
primary signals of seawater. Petrographic analysis of some Cow Head conglomerate 319 
samples reveals that many of these samples are well preserved, showing minimal 320 
dolomitization and an absence of abundant diagenetic cements. In addition, the trace 321 
element concentrations of all samples do not covary with carbon isotope values (Fig. 7), 322 
suggesting the variable depletion in carbon isotopic composition was acquired 323 
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independent of reducing fluids that would have generated enrichments in redox-sensitive 324 
metals. The narrow range of oxygen isotopes suggests these rocks experienced at least 325 
some late stage burial diagenesis (Algeo et al., 1992), but some primary signal is retained 326 
in these data. The lack of covariation between δ13C and δ18O data suggests the origin of 327 
the δ13C variability was not the result of meteoric diagenesis with both 13C-depleted and 328 
18O-depleted fluids. What is important to note is that the complexity of this depositional 329 
package – one in which some parts of the section are dominated by allochthonous 330 
carbonate that may have been transported long distances from shallower water settings 331 
(e.g., Beds 7 and 8) – will play a role in the way in which carbon isotopes are preserved 332 
in conglomeratic samples. However, in the construction of the carbon isotope profile, 333 
care was taken to avoid conglomerate samples where possible, to maximize meaningful 334 
stratigraphic isotopic information.  335 
 336 
5.2. The carbon isotope profile, Beds 5 through 13 of the Cow Head Group 337 
 338 
 The carbon isotope profile of Beds 5 through 13 show broad scale changes from 339 
the upper Cambrian to the Lower Ordovician, with some additional scatter superimposed 340 
on these trends that likely relates to diagenesis (Fig. 4). This section is highly condensed 341 
relative to other Cambro-Ordovician sections worldwide (e.g., Great Basin strata are > 4 342 
km-thick; Derby et al., 2012); however, as in at least a few other sections, these data 343 
reveal a trend of more positive values in the middle and later Cambrian followed by more 344 
negative values in the Ordovician (e.g., Saltzman and Thomas, 2012; Buggisch et al., 345 
2003, Fig. 8). Although, these data show some agreement with those of other areas such 346 
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as the Argentina pre-Cordillera and western US (Saltzman and Thomas, 2012; Buggisch 347 
et al., 2003), some notable exceptions exist. Firstly, the SPICE event is missing in the 348 
deep water Cow Head section despite its presence in nearby shelf equivalents (Saltzman 349 
et al., 2004, Hurtgen et al., 2009). The absence of SPICE is important to note in these 350 
sections because its absence suggests a number of possibilities. One is that the SPICE 351 
event may be highly condensed in these deep-water sections, as the biostratigraphy 352 
suggests, and therefore may not be well preserved (Westropp and Eoff, 2012). Another 353 
possibility is that the SPICE is not expressed in these deep-water sections. Third, it is 354 
possible that the SPICE event is preserved at Cow Head but was not sampled in this work. 355 
Although we cannot be sure why the SPICE event was not found during this research, 356 
fossils assemblages support the first possibility. 357 
In addition to the absence of the SPICE event, there is difficulty in identifying the 358 
Cambro-Ordovician boundary within the conglomeratic Cow Head Group facies, despite 359 
its close proximity to the GSSP for this boundary at Green Point (e.g., Cooper et al., 360 
2001; Azmy et al., 2014).  This uncertainty may result in some misalignment with global 361 
data. In general, our carbon isotope profile shows a shift from positive values in the latest 362 
Cambrian to more negative values in the lowermost Ordovician, much like the global 363 
profile (Fig. 8). Both profiles show a small shift toward positive values within the mid-364 
Tremadocian and then remain mostly negative for the remainder of the Lower Ordovician. 365 
It is worth noting that the Cow Head strata show significant scatter through the Floian, 366 
which is different from the Argentinian sectionss (Buggisch et al., 2003) and global 367 
compilation (Bergstrom, 2009). For example, the Cow Head does not record a return to 368 
more positive values in the later Floian as in these other sections, and the conodonts, 369 
particularly Lenodus variabilis, suggest a late Early to early Middle Ordovician age. It is 370 Formatted: Font: ItalicFormatted: Font: Italic
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possible that the lack of correlation in isotopes this section isand  may be related to early 371 
diagenetic processes in Beds 9 through 13 (see below). 372 
 373 
5.3. Carbon isotopes of conglomerates of the Cow Head Group 374 
 375 
Substantial variability (~4.5‰) exists in the δ13Ccarb of the matrix and clasts of the 376 
conglomerate beds that make up the Cow Head Group (Fig. 6). While a fraction of this 377 
can be ascribed to stratigraphic variability, there are many cases where the within-bed 378 
variability is in excess of 2‰. This level of variability can exist between different clasts 379 
in the same bed, between different portions of matrix within the same bed, and between 380 
clasts and matrix within the same bed. It is also important to note that the variability 381 
within beds, which are broadly defined lithostratigraphically, may also reflect the source 382 
of carbonate and variable diagenetic processes in these units. For example, Bed 6 consists 383 
of small-scale, meter-sized conglomerate beds with clasts that appear to be locally 384 
sourced (Fig. 3A). In contrast, Beds 7 and 8 contain massive decameter-scale 385 
conglomerates with boulder-sized clasts sourced from the nearby slope (Fig. 3B; e.g., 386 
Coniglio and James, 1985). These different conglomerates of Beds 6, 7 and 8 also show 387 
very different isotopic variability (Fig. 6), which may in part reflect the ways in which 388 
these units were deposited. While this observation does not directly inform the origin of 389 
the variability in these different beds, it suggests that not all conglomerates, even those 390 
within the same broad depositional environment, may be expected to record the same 391 
processes (Husson et al., 2012). 392 
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The variability seen within each bed, particularly in matrix values, may be related 393 
to several processes. First, it could reflect primary variability in water column chemistry 394 
(either temporally or spatially). However, the high frequency variations make it hard to 395 
reconcile the observed variability as the result of temporal changes in open marine water 396 
column δ13C. Similarly, the variable composition of the clasts, and the changing offsets 397 
between clasts and matrix (sometimes clasts are 13C-enriched and sometimes they are 398 
13C-depleted relative to the matrix) makes a constant lateral gradient in water column 399 
δ13C hard to reconcile with the observed patterns.   400 
A second explanation for the observed variability could be the influence of 401 
differing amounts of late-stage diagenesis among the samples. In this case, samples with 402 
more diagenetic alteration would be expected to have more 13C-depleted signatures.  403 
However, we observe no covariation between δ13Ccarb and δ18Ocarb or Sr, Mn or Fe 404 
concentrations (Fig. 7) as would be expected by diagenetic overprinting. Further, if 405 
diagenetic alteration were the cause of the observed isotopic variability, patterns in δ13C 406 
would be expected to track lithology (e.g., reflecting the porosity and permeability of the 407 
samples). No such patterns are observed (i.e., sometimes matrix is 13C-enriched relative 408 
to clasts and sometimes 13C-depleted, with no correlation based on lithofacies).   409 
An alternative explanation is that the observed variability reflects the local 410 
conditions in porewaters during lithification. Here, a 13C-depleted signal could reflect a 411 
contribution of authigenic carbonates forming early marine cements with porewater 412 
δ13CDIC lower than coeval seawater. The resulting δ13Ccarb signal could be lower as a 413 
function of the amount of authigenic early marine cement (lowering the δ13Ccarb) and/or 414 
the isotopic composition of the local porewater δ13CDIC pool. This DIC pool would have 415 
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lowered δ13Ccarb as the result of microbial respiration (aerobic and/or anaerobic). 416 
Anaerobic metabolisms (e.g., sulfate reduction) in particular increase alkalinity and drive 417 
carbonate precipitation (e.g., Bosak and Newman, 2003). All things being equal, 418 
sediments with higher organic carbon contents can generate more 13C-depleted DIC and 419 
therefore carbonates with lower δ13Ccarb values.   420 
If this interpretation is correct, it suggests that clasts in the Cow Head 421 
conglomerates were sourced from a variety of both authochthonous and upslope 422 
environments that varied strongly in their local organic carbon loading, leading to 423 
variable depletions in δ13Ccarb of these early-lithified clasts. As the biostratigraphy of 424 
these sections suggest, clasts are often derived from strata that are older but do not 425 
significantly predate deposition in these deep water sections (Zhang and Barnes, 2004; 426 
Westropp and Eoff, 2012; Westropp and Dengler, 2014). Our data suggest that variation 427 
in the organic carbon contents in the matrix and therefore in early diagenetic 428 
remineralization (possibly recorded as variable fractions of authigenic allochthonous 429 
carbonate in the matrix) was the cause for these offsets in δ13Ccarb of the matrix relative to 430 
the clasts (e.g., Kump and Arthur, 1999; Metzger and Fike, 2013). These data suggest 431 
that local variations in organic carbon loading during deposition and associated microbial 432 
respiration during early lithification can imprint the resulting isotopic signature preserved 433 
in marine carbonates. The resulting δ13Ccarb  overprints can explain much of the isotopic 434 
spatial (lateral) and temporal (stratigraphic) variability observed in many 435 
chemostratigraphic records, particularly those found in Cambrian strata (e.g., Coniglio, 436 
1989; Maloof et al., 2005; 2010; Saltzman et al., 1998; 2000).  437 
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 In spite of the variability recorded in individual conglomerate samples, a general 438 
trend can be gleaned that still matches the broad scale progression of the carbon isotope 439 
profile as a whole. The δ13Ccarb values show spread that varies from bed to bed, but even 440 
so, the general trend moves from more positive values in the later Cambrian Bed 5 and 6 441 
to more negative values in Lower Ordovician Bed 9 upwards. This demonstrates that 442 
even with local processes governing the carbon isotope signal of individual drilled 443 
samples, information about the water column can be retained when examining samples en 444 
masse as we have done here. 445 
 446 
6. Conclusions  447 
 448 
Our record of the evolution of carbon cycling over Earth history comes primarily 449 
from shallow-water carbonates.  Here we present a Cambro-Ordovician record of δ13Ccarb 450 
variability from the Cow Head Group strata deposited in a slope-basinal environment.  451 
The resulting deep-water δ13Ccarb curve matches the global record, albeit with substantial 452 
scatter (up to ~2‰) superimposed upon it.  This enhanced δ13Ccarb variability is not the 453 
result of later-stage meteoric diagenesis, but reflects the contribution of multiple pulses of 454 
carbonate precipitation in these samples, each associated with local DIC reservoirs 455 
variably impacted by microbial respiration of organic matter. These data indicate that 456 
post-depositional processes, such as local organic matter remineralization and early 457 
authigenic carbonate precipitation during lithification, play a dominant role in controlling 458 
δ13Ccarb values in Cambrian carbonates, an interval of time that may have experienced 459 
fluctuating redox perhaps more so than other intervals of Earth history.   460 
 21 
 461 
Acknowledgments 462 
SBP would like to acknowledge A. Breus, H. Clemente, M. Laflamme, and M. Rolls for 463 
field assistance and Smith College for funding. We also gratefully acknowledge helpful 464 
reviews from 2 reviewers and the editor that improved this manuscript.  465 
 22 
References 466 
Algeo, T. J., Wilkinson, B. H., and Kyger, C. L., 1992. Meteoric-burial diagenesis of  467 
Middle Pennsylvanian limestones in the Orogrande Basin, New Mexico: 468 
Water/rock interactions and basin geothermics, Journal of Sedimentary Petrology, 469 
v. 62, p. 652-670. 470 
Allan, J. R., and Matthews, R. K., 1977, Carbon and oxygen isotopes as diagenetic and  471 
stratigraphic tools: data from surface and subsurface Barbados, West Indies, 472 
Geology v. 5, p. 16–20. 473 
Allan, J. R., and Matthews, R. K., 1982, Isotope signatures associated with early meteoric  474 
diagensis, Sedimentology v. 29, p. 797–817. 475 
Arthur, M. A., Dean, W. E., and Pratt, L. M., 1988. Geochemical and climatic effects of 476 
increased marine organic carbon burial at the Cenomanian/Turonian boundary. 477 
Nature v. 335, p. 714-717. 478 
Azmy, K., Souge, S., Brand, U., Bagnoli, G., and Ripperdan, R., 2014, High-resolution 479 
chemostratigraphy of the Cambrian-Ordovician GSSP: Enhanced global 480 
correlation tool, Palaeogeography, Palaeoclimatology, Palaeoecology v. 409, p. 481 
135–144. 482 
Banner, J. L., and Hanson, G. N., 1990. Calculation of simultaneous isotopic and trace 483 
element variations during water-rock interaction with applications to carbonate 484 
diagenesis, Geochimica et Cosmochimica Act, v. 54, p. 3123-3137. 485 
Banner, J. L., 1995. Application of the trace element and isotope geochemistry of 486 
strontium to studies of carbonate diagenesis, Sedimentology, v. 42, p. 805-824. 487 
 23 
Barnes CR. 1988. The proposed Cambrian-Ordovician Global Boundary Stratotype and 488 
Point (GSSP) in Western Newfoundland, Canada. Geological Magazine v. 125, p. 489 
381–414. 490 
Bosak, T. and Newman, D. K., 2003. Microbial nucleation of calcium carbonate in the  491 
Precambrian, Geology v. 31, p. 577–580. 492 
Buggisch W, Keller M, Lehnert O. 2003. Carbon isotope record of Late Cambrian to 493 
Early Ordovician carbonates of the Argentine Precordillera. Palaeogeography, 494 
Palaeoclimatology, Palaeoecology v. 195, p. 357–73. 495 
Chow, N., and James, N.P., 1987, Cambrian grand cycles: A northern Appalachian 496 
perspective: Geological Society of America Bulletin, v. 98, p. 418–429. 497 
Coniglio and James, 1985. Calcified Algae as Sediment Contributors to Early Paleozoic  498 
Limestones: Evidence from Deep-Water Sediments of the Cow Head Group, 499 
Western Newfoundland. Journal of Sedimentary Research v. 55, p. 746–754. 500 
Coniglio M and James N. 1990. Origin of fine-grained carbonate and siliciclastic 501 
sediments in an early Palaeozoic slope sequence, Cow Head Group, western 502 
Newfoundland. Sedimentology v. 37, p. 215–30. 503 
Cooper RA, Nowlan GS, Williams SH. 2001. Global Stratotype Section and Point for  504 
base of the Ordovician system. Episodes v. 24, p. 19–28. 505 
Cowan CA and James NP. 1993. The interactions of sea-level change, terrigenous-506 
sediment influx, and carbonate productivity as controls on Upper Cambrian grand 507 
cycles of western Newfoundland, Canada. Geological Society of America 508 
Bulletin v. 105, p. 1576–90. 509 
Craig, H., 1953, The geochemistry of the stable carbon isotopes. Geochimica et  510 
Cosmochimica Acta v. 3, p. 53–92. 511 
 24 
Derby, James R., Robert J. Raine, Anthony C. Runkel, and M. Paul Smith, 2012,  512 
Paleogeography of the great American carbonate bank of Laurentia in the earliest  513 
Ordovician (early Tremadocian): The Stonehenge transgression, in J. R. Derby, R.  514 
D. Fritz, S. A. Longacre, W. A. Morgan, and C. A. Sternbach, eds., The great  515 
American carbonate bank: The geology and economic resources of the Cambrian– 516 
Ordovician Sauk megasequence of Laurentia: AAPG Memoir v. 98, p. 5–13 517 
Droser, M. L., and Finnegan, S., 2003. The Ordovician radiation: a follow-up to the  518 
Cambrian explosion? Journal of Integrative and Comparative Biology v. 43, p. 519 
178–184. 520 
Freeman, K. H. and Hayes, J. M., 1992. Fractionation of carbon isotopes by  521 
phytoplankton and estimates of ancient CO2 levels, Global Biogeochemical 522 
Cycles v. 6, p. 185–198. 523 
Gill, B.C., Lyons, T.W., Young, S.A., Kump, L.R., Knoll, A.H., and Saltzman, M.R.  524 
2011. Geochemical evidence for widespread euxinia in the Later Cambrian ocean 525 
Nature v. 469, p. 80–83.  526 
Grotzinger, J.P., Fike, D.A., and Fischer, W.W., 2011, Enigmatic origin of the largest- 527 
known carbon isotope excursion in Earth’s history. Nature Geoscience v. 4, p. 528 
285–291. 529 
Guy, R.D., Fogel, M.L. and Berry, J.A., 1993, Photosynthetic Fractionation of the Stable  530 
Isotopes of Oxygen and Carbon. Plant Physiology, v. 101, p. 37–47. 531 
Hayes, J.M. Strauss, H., Kaufman, A.J., 1999, The abundance of 13C in marine organic  532 
matter and isotopic fractionation in the global biogeochemical cycle of carbon 533 
during the past 800 Ma. Chemical Geology v. 161, p. 103–125. 534 
 25 
Hurtgen, M. T., Pruss, S. B., Knoll, A. H., 2009. Evaluating the relationship between the 535 
carbon and sulfur cycles in the later Cambrian ocean; an example from the Port 536 
Au Port group, western Newfoundland, Canada. Earth Planetary Science Letters v. 537 
281, p. 288–97. 538 
Husson, J. M., Maloof, A. C., Schoene, B., A syn-depositional age for Earth’s deepest 539 
δ13C excursion required by isotope conglomerate tests, Terra Nova v. 24, p. 318–540 
325. 541 
James, N.P., and Stevens, R. K., 1986. Stratigraphy and correlation of the Cambro-542 
Ordovician Cow Head Group, western Newfoundland. Bulletin - Geological 543 
Survey of Canada v. 366, 143 p. 544 
Johnston D., and Barnes C. R., 1999. Early and Middle Ordovician (Arenig) conodonts 545 
from St. Pauls Inlet and Martin Point, Cow Head Group, western Newfoundland, 546 
Canada. Geologica Et Palaeontologica v. 33. p. 21 –70. 547 
Karhu, J. A. and Holland, H. D., 1996, Carbon isotopes and the rise of atmospheric  548 
oxygen. Geology v. 24, p. 867–870. 549 
Knoll, A. H., Hayes, J. M., Kaufman, A. J., Swett, K., and Lambert, I. B., 1986. Secular  550 
variation in carbon isotope ratios from upper Proterozoic successions of Svalbard 551 
and East Greenland, Nature v. 321, p. 832-838. 552 
Kump, L.R., & Arthur, M.A., 1999, Interpreting carbon-isotope excursions: carbonates  553 
and organic matter. Chemical Geology v. 161, p. 181–198. 554 
Maloof, A. C., Schrag, D. P., Crowley, J. L., and Bowring, S. A., 2005, An expanded  555 
record of Early Cambrian carbon cycling from the Anti-Atlas Margin, Morocco, 556 
Canadian Journal of Earth Sciences v. 42, p. 2195–2216. 557 
 26 
Maloof, A. C., Ramezani, J., Bowring, S. A., Fike, D. A., Porter, S. M., and Mazouad, M.,  558 
2010. Constraints on early Cambrian carbon cycling from the duration of 559 
the Nemakit-Daldynian–Tommotian boundary δ13C shift, Morocco. Geology v. 560 
38, p. 623–626  561 
Metzger, J.G., Fike, D.A., 2013. Techniques for assessing spatial heterogeneity of  562 
carbonate δ13C: Implications for craton-wide isotope gradients. Sedimentology, v. 563 
60(6), p. 1405 - 1431. 564 
Oehlert, A. M., and Swart, P. K., 2014. Interpreting carbonate and organic carbon isotope  565 
covariance in the sedimentary record, Nature Communications 5, 566 
doi:10.1038/ncomms5672 567 
Pingitore, N. E., 1978. The Behavior of Zn2+ and Mn2+ during carbonate diagenesis:  568 
Theory and applications, Journal of Sedimentary Petrology, v .48, p. 799-814. 569 
Popp, B. N., Takigiku, R., Hayes, J. M., Louda, J. W., and Baker, E. W., 1989. The post- 570 
Paleozoic chronology and mechanism of 13C depletion in primary marine organic 571 
matter. American Journal of Science v. 289, p. 426-454. 572 
Prokoph, A., & Veizer, J., 1999, Trends, cycles and nonstationarities in isotope signals of  573 
Phanerozoic seawater. Chemical Geology v. 161, p. 225–240. 574 
Saltzman, M. R., and Thomas, E., 2012. Carbon isotope stratigraphy, in Felix M.  575 
Gradstein, F. M., Ogg, J. G., Schmitz, M., and Ogg, G. (eds), The Geologic Time 576 
Scale, 207-232, DOI: 10.1016/B978-0-444-59425-9.00011-1. 577 
Saltzman, M.R., Brasier, M.D., Ripperdan, R.L., Ergaliev, G.K., Lohmann, K.C., 578 
Robison, R.A., Chang, W.T., Peng, S. and Runnegar, B., 2000, A global carbon 579 
isotope excursion during the Late Cambrian: Relation to trilobite extinctions, 580 
 27 
organic-matter burial and sea level, Palaeogeography, Palaeoceanography, 581 
Palaeoclimatology v. 162, p. 211-224.  582 
Saltzman M. R., Cowan C. A., Runkel A. C., Runnegar B., Stewart M. C., Palmer A. R., 583 
2004. The late Cambrian spice (δ13C) event and the SAUK II-SAUK III 584 
regression: New evidence from Laurentian basins in Utah, Iowa, and 585 
Newfoundland. Journal of Sedimentary Research v. 74, p. 366-77. 586 
Saltzman, M.R., Runnegar, B. and Lohmann, K.C., 1998, Carbon-isotope stratigraphy of  587 
the Pterocephaliid Biomere in the eastern Great Basin: Record of a global 588 
oceanographic event during the Late Cambrian. Geological Society of America 589 
Bulletin v. 110, p. 285-297.  590 
Schrag, D. P., Higgins, J. A., Macdonald, F. A., and Johnston, D. T., 2013. Authigenic  591 
carbonate and the history of the global carbon cycle, Science v. 339, p. 540-543.  592 
Suchecki, R. K., Hubert, J. F., 1984, Stable Isotopic and Elemental Relationships of  593 
Ancient Shallow-Marine and Slope Carbonates, Cambro-Ordovician Cow Head 594 
Group, Newfoundland: Implications for Fluid Flux, Journal of Sedimentary 595 
Research v. 54, p. 1062-1080. 596 
Tripathy, G. R.,, Hannah, J. L., Stein, H. J., and Yang, G., 2014. Re-Os age and  597 
depositional environment for black shales from the Cambrian-Ordovician 598 
boundary, Green Point, western Newfoundland. Geochemistry Geophysics 599 
Geosystems v. 15, p. 1021–1037, doi: 10.1002/ 2013GC005217. 600 
Zhang, S., and Barnes C. R., 2004. Arenigian (Early Ordovician) sea-level history and the 601 
response of conodont communities, western Newfoundland. Canadian Journal of 602 
Earth Sciences v. 41, p. 843-65. 603 
  604 
 28 
List of figures 605 
 606 
Figure 1: Locality map. A) Newfoundland, B) inset from A showing Cow Head 607 
Peninsula; and C) inset from B showing location of measured sections for Beds 5 to 13 608 
along Cow Head Peninsula. 609 
 610 
Figure 2: Diagram showing age constraints and correlations of the Cow Head Group to 611 
nearby shallow-water equivalent sections (modified from Zhang and Barnes, 2004).  612 
Biostratigraphic age constraints are provided here from conodonts and graptolites (Zhang 613 
and Barnes, 2004) and trilobites (Westrop and Eoff, 2012; Karim, 2008). Gray shaded 614 
area shows portion of the Cow Head Group sampled in this work. 615 
 616 
Figure 3: Field photographs of Beds 5, 6, 7, 8 and 9 showing conglomerates and thinly 617 
bedded limestone from each unit. A) Massive limestone conglomerates of Bed 5 with 618 
fine-grained carbonate matrix, meter stick for scale; B) Thin limestone beds and 619 
lenticular conglomerates of upper Bed 6 in contact with massive welded conglomerates 620 
of Bed 7. C) Alternating thin limestone beds and shale of upper Bed 9 capped by 621 
lenticular conglomerates of Bed 9, hammer in lower left corner for scale; E) Upper Bed 9 622 
overlain by conglomeratic Bed 10 (visible in upper right corner). 623 
 624 
Figure 4: The stratigraphic column of the Cow Head Group at the Cow Head Peninsula 625 
and its δ13Ccarb and δ18Ocarb profile. Values of δ13C are reported relative to Vienna PeeDee 626 
Belemnite standard. Note that black circles represent values measured from matrix 627 
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samples, and red circles were derived from clasts of conglomerates. Age interpretations 628 
modified from James and Stevens (1986), but also see Figure 2 for biostratigraphic 629 
constraints. 630 
 631 
Figure 5: Diagram showing polished faces of 3 representative samples from 632 
conglomeratic beds and their complementary thin sections. These polished samples show 633 
sites that were drilled for carbon isotope analysis of conglomerates, and thin sections 634 
show nature of clast and matrix. Note variability of clast composition and size. Notable 635 
features in thin section include round quartz grain of Bed 6, trilobite fossil of Bed 7, and 636 
micritic round intraclasts of Bed 8.  637 
 638 
Figure 6: Carbon isotope data for the clast and matrix values for 51 conglomerate 639 
samples. A) Diagram showing all data from the 51 samples. Each aligned set of values 640 
represents clast and matrix values measured from a single hand sample. B) Diagram 641 
showing the range and mean from all matrix and clast values measured in a single bed. 642 
Note that Bed 6 shows close alignment of the mean and ranges of clast and matrix values 643 
whereas Bed 9, though overlapping, has a much larger range of clast values than matrix 644 
values. 645 
 646 
Figure 7: Carbon and oxygen crossplots and crossplots of carbon with manganese, 647 
strontium, and iron concentrations. A) All carbon and oxygen isotope samples analyzed 648 
for the isotopic profiles of the Cow Head Group (R2 value = 0.09, slope is = -0.1831x - 649 
6.4182); B) Carbon and oxygen isotopes from conglomerate samples analyzed, including 650 
matrix and clast values (R2 value for clasts = 0.10; slope is -0.1805x - 6.5893; R2 = 0.00 651 
 30 
value for matrix, slope is = -0.0354x - 6.5647); C) Carbon isotopes and manganese 652 
concentrations (R2 value = .00023; slope is = 6-5x - 0.2994); D) Carbon isotopes and 653 
strontium concentrations (R2 value = 0.05, slope is -0.0016x + 0.1017); E) Carbon 654 
isotopes and iron concentrations (R2 value = 0.03, slope is y = -7-5x - 0.2094). 655 
 656 
Figure 8: Composite carbon isotope profile from Saltzman and Thomas (2012) and 657 
references therein (A) and profile from this work (B). 658 
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